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Introduction
In the state of Espírito Santo, Brazil, the degradation of the Atlantic Forest has been as widespread and intense as in the rest of the country. From the original native forest cover, there is currently only approximately 11% remaining (Ribeiro et al. 2009, SOS Mata Atlântica and INPE 2014) . Despite this fact, the state is still an important area of the Brazilian Atlantic Forest, in relation to the conservation of animal and plant biodiversity. Currently, there are regional planning geographical units in this state which comprise a mosaic of land uses and key conservation areas, established in workshops organized by Conservation International. Furthermore, Espírito Santo contains an area of the Brazilian Atlantic Forest Central Biodiversity Corridor (Aguiar et al. 2005, Galindo and Câmara 2005) .
The corridor is extremely diverse, sheltering many animal and plant species with restricted distributions, including threatened species (Brown 1972 , Thomaz and Monteiro 1997 , Thomas et al. 1998 , Passamani et al. 2000 . As an example, the tableland forests of the state (Reserva Biológica de Sooretama and Reserva Florestal de Linhares) still harbor a diverse, but poorly known fauna (Peixoto and Gentry 1990, Chiarello 1995) . Thus, there are still many knowledge gaps regarding the geography of the biodiversity in the state, especially due to the lack of published information for many groups. As an example, there are the natural subterranean cavities (caves) that, up to now, are represented in very few publications concerning inventories of their species (Ruschi 1952 , Souza-Silva et al. 2011a , Souza and Ferreira 2011 .
The first study regarding caves animals in the Atlantic Forest was made in 1907 in Iporanga municipality (São Paulo state), with the description of Pimelodella kronei (Ribeiro 1907 ), a troglobiont catfish species. However, descriptions of new invertebrate cave fauna species in this biome were only continued in the mid-1930's (CostaLima and Costa-Leite 1953) ; until the end of the 1970's the studies were still of a taxonomic nature and restricted to a few caves in the south of São Paulo state.
It was only in the 1980's that more general studies started to be conducted, when Dessen et al. (1980) published surveys of invertebrate cave fauna, some of them in the Brazilian Atlantic Forest. Subsequent studies were made in Ubajara municipality (Ceará state), southern Minas Gerais state, southern Bahia state (limestone province of Rio Pardo) and the Vale do Ribeira limestone province in the extreme south of São Paulo and northeast Paraná regions (Souza-Silva et al. 2015) . Only after 2010 were geographically broader studies regarding the invertebrate cave fauna in the Brazilian Atlantic Forest conducted (CEBS 2015) .
Caves are subterranean environments which harbor a rich fauna living with low food resource availability, constant temperatures and high humidity (Culver and Pipan 2009 , Souza-Silva et al. 2011b , Schneider et al. 2011 . Many troglobiont cave species have restricted distributions and limited dispersal (Culver and Pipan 2009) ; consequently, they can be strongly affected by even moderate (human) changes in their environment. Furthermore, due to the high environmental stability of subterranean caves, such environments become highly susceptible to impacts, since this stable condition can often be easily unbalanced. Therefore, any direct or indirect impacts on caves can cause serious damage to the fauna and the physical integrity of these environments (Souza-Silva et al. 2015) .
The characteristics most often mentioned to explain why some species are more vulnerable to extinction than others include small population sizes, low geographic distribution, specialized habitat requirements (Pimm et al. 1988 , Purvis et al. 2000 , Webb et al. 2002 , large body sizes (McKinney 1997) and slow life histories (small broods, slow growth rates, late maturity, long inter-birth intervals, high survival rates) (MacArthur and Wilson 1967) . Species may also become rare, and consequently vulnerable to extinction, because they are often hunted and may have their habitats destroyed and/or polluted (Whitmore and Sayer 1992 , Bodmer et al. 1997 , Isaac and Cowlishaw 2004 .
Many troglobiont species have low population growth rates and in this case, strong environmental changes may increase the risk of extinction (Culver and Pipan 2009) . The main threats come from the destruction of their habitats by mineral exploitation, tourism, vandalism, heavy metals, herbicide or pesticide pollution, eutrophication and biological invasions (Tercafs 1992 , Ferreira and Horta 2001 , Parise and Gunn 2007 , Souza-Silva et al. 2015 . Thus, many species that inhabit caves can be considered threatened and/or vulnerable to extinction due to habitat specificity that operates by selecting different ecological-evolutionary specializations (trogloxene, troglophile and troglobiont) to the hypogean conditions and environmental resources (Sket 2008) .
The present study sought to evaluate the composition, richness, diversity, turnover and similarity of invertebrate cave fauna in the state of Espírito Santo, Brazil, an important geographical unit for conservation in the Atlantic Forest. Thus, we attempted to also evaluate the human changes to these caves, using a Cave Conservation Priority index (Souza-Silva et al. 2015) , in order to suggest general conservation and management actions for the caves and their surrounding forest cover.
Materials and methods

Study area
The caves investigated in this study are located in the Atlantic Forest Central Biodiversity Corridor in Espírito Santo, Brazil, a priority area for conservation (Galindo and Câmara 2005) . The rock types in which the sampled caves were developed were granite (11 caves), gneiss (1 cave), limestone (1 cave) and marble (2 caves) ( Fig. 1 and Table 1 ).
Sample data
Only one visit to each cave was conducted and invertebrates present in the caves were collected manually in all existing potential biotopes and plotted on a schematic sketch of each cave (Souza-Silva et al. 2011a) . Samples were collected with the aid of tweezers, brushes and entomological nets, prioritizing microhabitats such as driftwood, guano deposits, under rocks and damp locations. All organisms found were identified to the accessible taxonomic level and grouped into morphotypes (Souza-Silva et al 2011a) . The trophic characterization of caves was conducted concurrently with the invertebrate collections. For such, all organic resources present were noted and when possible their pathways to cavities characterized. The quality or quantity of food was not calculated and analyzes of water and soil nutrients were also not carried out. Uses and environmental changes (impacts) in the caves and surroundings were evaluated based on forms filled out during visits (Simões et al. 2014 , Souza-Silva et al. 2015 .
Cave invertebrate community structure
To standardize the richness values used in the comparisons of caves, they were relativized according to the linear development and horizontal extension of the entrances of each cave (biological variable/cave linear development/Σ entry width) (Souza Silva et al. 2011a ). The relative richness categorizes the number of species as a function of the cave length and the extension of the entrances. Thus, this variable seeks to reduce excessive contribution of the para-epigean community by considering the entrance extension in this analysis. It is expected that in the caves with extended entrances there is a great contribution by the para-epigean communities due to increased contact with the external environment (Prous et al. 2004 , Prous et al. 2015 .
Statistical analysis
The alpha diversity values (α) of invertebrate communities associated with each cave were calculated using the Shannon-Weaver index (Magurran 2004) . The beta diversity (β or turnover) was calculated, using the presence and absence of data, by the Harrison ratio (1992) . β Harrison = {[(S/α)-1]/(N-1)}*100, where S = total number of species, α = average richness and N = number of samples. This measure ranges from 0 (no turnover) to 100 (each sample has a single set of species) (Magurran 2004) . The Berger-Parker dominance index was used for assessing the relative importance of dominant species in the communities (Magurran 2004) . The similarities among the cave fauna were obtained through the Bray-Curtys index (Magurran 2004) . The Spearman correlation (Rs) was used to detect possible relationships between total species richness and cave horizontal projection and entrance extension variables. Possible differences between richness and relative and total diversity among caves in carbonate (limestone and marble) and granitic rock (granite and gneiss) were evaluated using the Kruskal-Wallis test (Zar 1984) . The software used for the analysis was PAST (Hammer et al. 2001 ).
Cave Conservation Priorities
To assess the status of threats to biodiversity in caves of the Atlantic Forest in Espírito Santo, we used the Cave Conservation Priority index (CCPi) proposed by Souza-Silva et al. (2015) . The CCPi provides a vulnerability score for each cave using the overlap of biological relevance (BR) and human impact degree (HID) (Souza-Silva et al. 2015) . The biological relevance of the caves can be determined through the superimposition of three variables: troglobiont species richness (T g/b R), total and relative troglophile richness (T tf R and R tf R). For each of these variables categories as weights were used, extremely high (weight 4), high (weight 3), average (weight 2) and low (weight 1) to facilitate valuations. Based on the highest sum value for these weights (8) (BR weight + HID weight ) four cave vulnerability or conservation priority categories were created. Such categories include extremely high (weight ≥ 6), high (4-5.99) average (2 -4.99), and low (≤ 1.99) (Souza-Silva et al. 2015) .
Human impacts
The human modifications surveyed in this study were classified in relation to uses and impacts. Tourist and religious activities were considered uses, impacts being trampling, illumination and construction resulting from these activities (Souza-Silva et al. 2015) .
Environmental changes (impacts) were defined for each cave in function of the presence or absence of modifications inside and in the surroundings. Surroundings was considered as a 250 meter radius projected from the cave's external contour, according to Brazilian law (CONAMA nº 347, September, 10 th , 2004, Souza-Silva et al. 2015) . The impacts were considered as those modifications that could potentially lead to depletion (a), enrichment (b) or alteration (c) in the microhabitats, organic resources and/or cave fauna (Souza-Silva et al. 2015) .
The urgent conservation and management actions for the caves and their surrounding forest cover were based on six criteria: (1) microbiological research (suggested for caves with probable occurrence of human pathogenic fungi), (2) defining the abundance of troglobiont species, (3) recovery of the surroundings (suggested for caves with deforested surroundings area), (4) management plan (suggested for caves with intense human use), (5) maintenance of the surroundings using Private Natural Heritage Reserves-PNHRs, (suggested for caves with preserved surroundings area or in advanced succession), (6) compensatory measures (suggested for caves made completely uncharacteristic as a result of human activities).
Private Natural Heritage Reserves (PNHRs) is a category in the current National Conservation Unit System (Law 9.985 of 2000 -SNUC) that supports the creation of protected areas of variable sizes and uses (Maciel 2000) .
Karstic areas for conservation priorities
The results of the CCPi associated with troglomorphic traits and troglobiont species richness and distribution were used to indicate karst areas that deserve attention with respect to conservation needs. 
Results
Invertebrate diversity and distribution
507 invertebrate species were collected, distributed in at least 121 families ( Table 2) . The taxa Acari (36 spp.), Araneae (103 spp.), Opiliones (10 spp.), Diplopoda (22 spp.), Collembola (23 spp.), Coleoptera (61 spp.), Diptera (56 spp.), Lepidoptera (38 spp.), Hymenoptera (35 spp.), Heteroptera (15 spp.), Ensifera (13 spp.), Isopoda (12 spp.) and Psocoptera (11 spp.) were the richest (Fig. 2) .
Twelve species with troglomorphic traits were found, all arthropods, with distributions restricted to six caves: one isopod (Trachelipodidae) and one spider (Ochiroceratidae) both from a granitic cave, in Santa Teresa municipality; a silverfish (Zygentoma: Lepismatidae) and an isopod (Isopoda: Plathyarthridade: Trichorhina sp.) both from a granitic cave in Ecoporanga municipality; another silverfish species (Zygentoma: Lepismatidae) from a granitic cave in Pedro Canário municipality; a palpigrade (Eukoeneniidae: Eukoenenia spelunca, Souza and Ferreira 2011), a harvestman (Opiliones: Escadabiidae) and a millipede (Polydesmida; Trichoplydesmidae) from a granitic cave in Jaciguá municipality and two millipedes (Spirostreptida: Pseudonannolenidae: Pseudonannolene sp) and a Polydesmida: Cryptodesmidae from a marble cave in Vargem Alta municipality and another harvestman (Opiliones: Escadabiidae) from a carbonate cave in Conceição do Castelo municipality (Table 3) . Most of the troglomorphic specimens collected were sent to specialists and are under description (Fig. 3) .
The total richness varied between 17 to 79 species, and the average species richness was 51 species. The relative richness varied between 0.01 to 1.03, and the average relative species richness was 0.25 (Figures 4 and 5) . The total abundance varied from 50 to 9,029 individuals per cave and the average abundance was 1,421 individuals. The dominance varied from 0.06 to 2 and the average dominance was 0.13. The diversity varied between 2.11 to 3.51, and the average diversity was 2.64 (Table 3 and Fig. 4) . The β diversity was 63.45. The similarity of the fauna was low, less than 30%. The total richness correlated positively and significantly (R s = 0.757) with the linear extension of the caves (Fig. 6A) . However, when the carbonate caves were excluded from the sample, there was no significance in the test (Fig. 6B) .
The average richness was higher in the limestone caves (marble and calcareous) (63 spp., sd = 16.7) and the diversity was higher in the granite caves (H'= 2.68, sd = 0.5), but there were no significant differences in average richness and diversity between carbonate and granite caves (Fig. 7) . (2), surrounding deforestation up to 250m (3), detonations inside (4), trampling inside (5), construction inside (6), trash inside (7), subterranean drainage exploitation (8), electric lighting (9) depredation of speleothems (10).
(IW) impact weight categories. Extremely high (EH), High (H), Average (A), Low (L).
Trophic chain basis
Qualitatively, the food resources for invertebrates were variable regarding to the type and quantity present in different caves. The most frequent were the plant detritus accumulated near the entrances, bat guano (from hematophagous, insectivorous, frugivo- 
Priority Degree Criteria
Extremely high
Expected relative occurrence of 3.76 or more troglobiotic/troglomorphic species of wide or narrow distribution; total species richness more than 61 species; relative richness more than 0.76 (biological relevance greater than 6.1 points) and sum of impact weights more than 25 points.
High
Expected relative occurrence from 2.6 to 3.75 troglobiotic/troglomorphic species of wide or narrow distribution, total richness between 41 to 50 species; relative richness between 0.6 and 0.75 species (biological relevance between 4.1 and 6 points) and the sum of impact weights between 16.6 and 24.9 points.
3 Average
Expected relative occurrence from 1.26 to 2.5 troglobiotic/troglomorphic species of wide or narrow distribution; total richness between 21 and 40 species; relative richness between 0.26 and 0.5 species (biological relevance between 2.1 and 4 points) and the sum of impact weights between 8.26 and 16.5 points.
Low
Expected occurrence from 1.25 or less troglobiotic/troglomorphic species; total richness less than or equal 20 species; relative richness less than or equal 0.25 species (biological relevance less than 2.1 points) and the sum of impact weights less than or equal 8.25 points.
Figure 7. Almost significant differences between the diversity and total and relative richness of invertebrates in caves that develop in carbonate rocks and magma in the state of Espírito Santo. Average, ± SE, ± SD. rous and carnivorous bats) and roots of external vegetation accessing the cave galleries. The presence of visible food resources for invertebrate fauna was not detected only in the Casa Branca cave. This cave has been transformed into a small church with cemented floors and walls, electric lighting, an altar and wooden benches (Fig. 8B ).
Biological relevance, human impact and vulnerability
Human changes (threats) observed were religious use, tourist use, deforestation of the surroundings, collapse by detonation, trampling, construction, garbage, subterranean drainage exploitation, electrical lighting and degradation of speleothems (Table 4 , Fig. 8 ).
Regarding the biological relevance, 33% of the caves presented extremely high relevance, 26.7% high, 33% average and 6.7% low (Table 5 , Fig. 9) . As for the impact weights, 13.3% of the caves had an extremely high impact degree, 20% high impact degree, 6.7% average impact degree and 60% low impact degree. As to vulnerability, 33.3% showed extremely high vulnerability, 13.3% high vulnerability, 53.3% average vulnerability and no cave had a low vulnerability (Table 5 , Fig. 9 ). Table 6 show the summary of the criteria used to assign each cave a conservation priority category.
Suggested conservation actions
Microbiological research in caves with a suspected presence of Histoplasma sp. was suggested only for the Fazenda Paraíso cave, since two members of the collecting team who had contact with guano presented symptoms and were diagnosed positive for histoplasmosis, including one of the authors (RL Ferreira). The farm owner also reported that a nephew who had visited the cave had a recurring fever (one of the histoplasmosis symptoms), but did not have a confirmed diagnosis.
Studies to define the population size and the real threat status of the troglobiont and endemic species were suggested for five caves. Recovery of cave surroundings that had sustained deforestation activity was suggested for nine caves, with the possibility of using permanent fruit culture (especially cocoa) mixed with native trees, because it can additionally function as an economic and ecological service. Management plans for caves with tourist and/or religious use was suggested for three caves. Maintenance of cave surroundings to preserve external vegetation was suggested for five caves (Private Natural Heritage Reserves-PNHRs). Environmental compensatory measures resulting from completely uncharacteristic cave habitat due to human activities were suggested for one cave (Table 3 ). 
Suggested karst areas for conservation priorities
Three karst areas were identified as priorities for conservation action: granitic areas with caves located in the extreme north of Espírito Santo state, in the municipalities of Pedro Canário, and Ecoporanga (24K-395452/7977430), since the caves contain at least three troglomorphic species and face human modifications such as deforestation, agriculture, livestock and groundwater water exploitation. Another area is the granitic mountain rocks with caves in Santa Teresa municipality (24K-339370/7791692), since it presents at least two troglomorphic species and faces human impact, such as deforestation, agriculture, livestock, subterranean drainage alteration. The third area comprises the carbonate area with caves in Castelo, Vargem Alta and Cachoeiro do Itapemirim municipalities (24K-285168/7711062), with at least five species of troglobiont/troglomorphic species and faces human alterations, such as religious and tourism uses, deforestation, mining activities and road construction.
Discussion
Cave invertebrate community structure
The composition of the invertebrate cave fauna evaluated in this study, at least to the family level, is very similar to that registered for other caves in the Brazilian Atlantic Forest (Pinto da Rocha 1995 , Trajano 2000 , Souza-Silva and Ferreira 2009 , SouzaSilva et al. 2011c . However, the cave fauna collection methodology employed in Brazil until the 1990's apparently has not resulted in an effective sampling of the fauna (due to the small number of species recorded) (Souza-Silva et al. 2011a and c) . Furthermore, works carried out to the 1980's did not have any information regarding the abundance or diversity, and those related to fauna richness are underestimated.
It is important to consider that the work was developed almost two decades ago, in a scenario where the main goal was to conduct primary surveys. Currently, it is essential to include more consistent ecological analyses when the goal is to characterize a subterranean community (Souza-Silva et al. 2011c ). Thus, our comparisons were based on Souza-Silva et al. (2011a who presented a comprehensive characterization of the invertebrate community structure and threats in the Brazilian Atlantic Forest caves.
The average diversity presented by Souza-Silva et al. (2011a) for the fauna of 91 caves in the Brazilian Atlantic Forest (average = 2.27, sd = 0.63) is similar to the average found for the 15 caves sampled in the state of Espírito Santo (Table 3) . However, the average richness presented by the same 91 caves (mean = 43.20 sd = 22.30) was slightly lower than that found in this present study (Table 3 ). The β diversity (turnover) of the 15 caves of this study were slightly higher than the range presented by Souza-Silva et al. (2011a) (β diversity = 60.19 to 45.58) . Different caves may have considerably different richness and diversity values, even if using similar sampling efforts. According to Ferreira (2005) and Souza-Silva (2008) , these differences may be due to several factors, such as the linear extension of the caves, their trophic conditions and the degree of their human interventions.
The β-diversity values and similarities found show large differences in the community composition of 15 caves and reveal that nearby caves do not necessarily have similar communities. As well as the influence of the type of rock in which the cave is located, variations in the physical (microhabitat availability, humidity, etc.) and trophic structures may lead to differences in the composition and distribution of cave invertebrate communities (Christman and Culver 2001 , Schneider et al. 2011 , SouzaSilva et al. 2011a . Thus, the relationship of increased total richness with increasing cave size can probably be related to the increased availability of microhabitats and food resources for invertebrate fauna (Souza-Silva et al. 2011a) . Bat communities, producing large guano deposits, are richer and more abundant in larger caves (Brunet and Medellin 2001) . Large deposits, in turn, provide food and microhabitats for a greater number of invertebrate species (Pellegrini and Ferreira 2013) . It is noteworthy that the productivity in cave environments is an important predictor of increased richness in invertebrate communities (Culver et al. 2006) . However, the use of the cave extension as a parameter to predict the invertebrate richness depends directly on the lithology to which the cave is associated (Souza-Silva et al. 2011a) . In this study, limestone caves working as an outlier in the general relationship displayed increasing richness with an increase in linear extension, because there is no significant relationship when the Archimides Pansini cave (300 m) and Limoeiro cave (600 m) were removed from the analysis. Souza-Silva et al. (2011a) also observed this lack of correlation between cave extension and richness in granite caves in the Atlantic forest as a whole.
Environmental impacts on cave fauna
The Casa Branca cave, located in Itaimbé municipality, showed the least similarity when compared to the other caves. This may be due to the impact of the construction of a church within the cave (Fig. 7B) . This prevents the presence of species characteristic of natural cave environments and favors the dominance of opportunistic species tolerant of altered environments.
Troglobiont invertebrates can demonstrate tolerance to certain types of changes which may even occur in partially impacted caves (Simon and Buikema 1997) . However, there are certain effects that lead to a complete substitution of the groups that would be expected to be found in such caves. It is important to emphasize that similarity comparisons do not necessarily provide indications of direct impacts: the only effective way to detect the existence of alterations would be to have had the opportunity to know the fauna of these caves before these alterations could have occurred. Under these circumstances, one should make use of other tools to compare the structure and faunal composition of the caves in order to understand the effects of the observed changes. While not the best "tools", such comparisons allow the evaluation, even crudely, of how some impacts may alter the conditions of pristine subterranean ecosystems.
Relevance of cave fauna for conservation
When comparing the richness of troglobiont species found in this study with other karst regions in Brazil and around the world (Culver and Sket 2000; Culver and Pipan 2013; Souza-Silva et al. 2011a , it can be perceived that the caves sampled to date in the state of Espírito Santo are relatively poor, and cannot be considered hotspots for troglobiont species biodiversity (Fig. 10 and Table 2 ). However, due to their rarity, the independent phylogenetic history and vulnerability to extinction of the troglobiont species, they deserve special conservation measures. Furthermore, the trogloxene and troglophile invertebrate communities appear to be relatively richer in species compared to other caves in Brazil (Souza-Silva et al. 2011a ).
Final considerations
Facing the conditions found in the sampled caves up to now, we recommend emergency attention regarding protective measures, the management and conservation of caves of extremely high and high biological importance, with high impact degree and extremely high vulnerability facing the impacts. It is very important to intensify speleological studies and faunistic surveys, since some areas in the Atlantic Forest in Espírito Santo with the potential for cave occurrence have not been intensively studied (Castelo, Vargem Alta, Nova Venécia, municipalities). Reforestation of at least 250 meters of the cave surroundings that have surrounding pastures, using agroforestry models and management plans and/or ecological restoration of the caves that have received human impacts that come from tourism, religious use and implementation of information and awareness plans for users, with the accompaniment of environmental inspectors at times of mass celebrations and holy days, should be undertaken. Finally it is important to stimulate the creation of Private Natural Heritage Reserves (PNHRs) in the surroundings of caves with troglobiont species, preserved natural vegetation or that under recuperation.
